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A diagnostic has been developed to measure velocity and translational temperature in the plume of a
1-kW-class arcjet thruster operating on hydrogen. Laser-induced fluorescence with a narrow-band cw
laser is used to probe the Balmer a transition of excited atomic hydrogen. The velocity is determined
from the Doppler shift of the fluorescence excitation spectrum, whereas the temperature is inferred from
the lineshape. Analysis shows that although Doppler broadening is the only significant broadening
mechanism, the fine structure of the transition must be taken into account. Near the exit plane, axial
velocities vary from 4 to 14 km/s, radial velocities vary from 0 to 4 km/s, and swirl velocities are shown to
be relatively small. Temperatures from 1000 to 5000 K indicate high dissociation fractions.
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Introduction

Arcjets are effective devices for producing high-
enthalpy gas flows for applications in materials pro-
cessing, metal cutting, atmospheric reentry simula-
tion, and spacecraft propulsion. This paper is
motivated by the propulsion application, in which
arcjet thrusters are targeted for satellite station
keeping, vehicle orbit transfer, and space exploration.'
Arcjets' value in this application stems from the high
mean mass velocity that is generated at the nozzle
exit. This figure of merit is referred to as the specific
impulse, or Isp and is determined from the ratio of
thrust to propellant mass-flow rate. The Isp of chemi-
cal rockets is limited because the stagnation tempera-
ture cannot exceed the adiabatic flame temperature.
This limits the amount of energy available for conver-
sion to kinetic energy. In arcjet thrusters, the en-
ergy is coupled via a constricted arc, where much
higher temperatures can be obtained, and in practice
an Isp can be achieved that is 2 to 3 times that of the
best chemical rockets.

The interaction of the arc with the gasdynamic flow
creates a complex environment that is difficult to
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analyze. The cathode is located in a stagnation
plenum in the converging section of the nozzle (see
Fig. 1). The arc extends from the tip of the cathode
through the throat and attaches diffusely to the
nozzle-anode in the low-pressure diverging section.
The submillimeter throat carries high currents (10 A)
and sustains high radial temperature and velocity
gradients. Simplified analytical models suggest cen-
terline temperatures in excess of 30,000 K,2 whereas
the throat walls are below the tungsten nozzle's
melting point. The ionization and molecular disso-
ciation followed by the large expansion and the high
velocities contribute to nonequilibrium conditions at
the exit plane. Diagnostics of the plume can lead to a
better understanding of the plasma dynamics by
determining the conditions of the flow field. Veloc-
ity is important because it correlates with thrust,
whereas kinetic temperature indicates the amount of
enthalpy remaining in the gas.

This paper describes the development of a diagnos-
tic that uses laser-induced fluorescence (LIF) to mea-
sure velocity and temperature in the plume of an
arcjet thruster. The laser probe is focused to a small
diameter in the arcjet plume. Subsequent fluores-
cence is collected and imaged onto a detector. Flow
properties are determined from the behavior of the
fluorescence signal as a function of the laser fre-
quency (wavelength). This nonintrusive spectro-
scopic technique has several advantages. Measure-
ments can be made in the vicinity of the exit plane
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Fig. 1. Arcjet nozzle configuration. The throat diameter is 0.64
mm, and the expansion area ratio is 225.

where solid probes would fail because of the high
enthalpy of the flow or would otherwise be difficult to
interpret. In addition, the ability to focus the probe
laser to small sizes allows for high spatial resolution.
This is particularly important in arcjets, where large
variations in velocity and temperature occur across
the small, 1-cm diameter of the nozzle exit.

Velocity is determined from the Doppler shift of the
fluorescence excitation spectrum. This technique
has been demonstrated in a variety of flows and has
been adapted for use in arcjets.3 4 5 The transla-
tional temperature is determined from the shape of
the fluorescence excitation spectrum. In contrast to
velocity, the temperature is more difficult to infer
because of competing mechanisms that act to broaden
the measured profile and the complex nature of the
overlapping line components. This paper uses a
tunable narrow-band cw laser to resolve the line-
absorption profile generated through fluorescence
excitation.

Theory

LIF involves excitation of an atomic or molecular
species from a lower to a higher quantum state by
absorption of laser radiation, with subsequent emis-
sion of radiation (fluorescence). To avoid use of
additive tracer molecules, an inherent species with a
suitable transition is preferred. The exhaust plume
of a hydrogen-fueled arcjet consists primarily of
neutral and singly ionized atomic and molecular
hydrogen as well as electrons. The Balmer a transi-
tion of atomic hydrogen was selected owing to its
accessibility at 656.28 nm, the substantial population
of atomic hydrogen in the absorbing state at arcjet
conditions, and the transition's relatively large oscil-
lator strength. A partial energy level diagram for
hydrogen is shown in Fig. 2 (Ref. 6). The Balmer a
transition gives rise to the first spectral line of the
well-known Balmer series. In this series the lower
energy level is the first excited state with n (the
principal quantum number) = 2. Note that the
Lyman series, in which the lower level is the ground
state (n = 1), involves transitions in the vacuum
ultraviolet for which suitable cw laser sources are not
yet available. Fluorescence is obtained when the
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Fig. 2. Hydrogen atom energy level diagram with the fine struc-
ture that is due to spin-orbit coupling. The corresponding transi-
tions are shown below the diagram with their relative separations
and intensities.

laser is tuned to the frequency resonant with the
energy difference between the two states of an al-
lowed transition. The laser, which is focused to the
point of interest in the flow, induces some of the
atoms in the lower state to absorb a photon, thus
pumping them into the upper state. Some of these
atoms in the upper state will spontaneously decay
back to the lower state by emitting a photon. If the
atom undergoes an elastic collision in the interim
between the absorption and re-emission processes,
the photon will be emitted in an arbitrary direction
with a random phase. The rate at which photons
arrive at the detector iS7

Q
np = nuA,,IVF itr (1)

where n is the number density of the upper level, Au,
is the Einstein spontaneous emission coefficient, V is
the fluorescence probe volume, is the efficiency of
the collection optics, and Ql is the solid angle sub-
tended by the collection optics. Because of the high
temperature, the population in the upper level, n,
may be significant in the absence of laser excitation.
This can lead to a large background signal. For this
paper, the number of atoms excited to n = 3 by the
probe laser is 1 to 2 orders of magnitude smaller than
the number of atoms in the n = 3 state without laser
excitation.

In considering LIF as a velocity diagnostic, we first
recognize that each species comprising the flow will
have a distribution of velocities. Let u represent the
ith species' velocity component along a specified axis
and f(u) be the distribution function of this species'
velocity component. The distribution function rep-
resents the fraction of species i having a velocity
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component between u and u + du. By definition,

f fi(u)du = 1.
Th ma vlciyfo seie aog h seife

(2)

coordinate can now be defined by

Vi = J ufi(u)du. (3)

Mean velocities for different species may vary because
of diffusion. The mean mass velocity of the flow is

P A (4)

where pi is the local density of species i. LIF tech-
niques determine the mean velocity of the probed
species (vi) along the direction of laser propagation
from the Doppler shift of the fluorescence excitation
spectrum. The Doppler shift, Av, is given by

Vi~ ~ ~ (A\ = vO-) (5)
C

where vo is the laser frequency, vi is the mean velocity
in the direction of laser propagation, and c is the
speed of light. A stationary hydrogen plasma dis-
charge is used to provide a reference (unshifted)
frequency.

The temperature is determined from the shape of
the fluorescence excitation spectrum. However, be-
cause the Balmer at transition actually consists of
several overlapping transitions, any effort to analyze
line shapes must account for this structure. The
upper and lower states are split by spin-orbit coupling.
The split states, referred to as the fine structure, are
identified by the quantum numberj, which indicates
the total angular momentum. Selection rules allow
for five different optical transitions between the two
manifolds. The line shape function of the Balmer a
transition can be modeled as the superposition of
these five components with their appropriate broaden-
ing mechanisms and relative intensities. The fine
structure and the five transition components are
shown in Fig. 2. The relative position and intensi-
ties of each component are listed in Table 1.8 Note
that the last two components each consist of two
degenerate transitions.

Given the relative position and intensities of the
various components, the line-shape function of the
Balmer at transition is determined by the broadening
mechanisms. The predominant broadening mecha-
nism associated with the Balmer a transition in
low-power (1-5 kW) arcjet exhausts is Doppler broad-
ening. Each velocity class u, where u is the velocity
component in the direction of laser propagation, will
have its own Doppler shift. Generally the distribu-
tion function fi(u) is taken to be Maxwellian centered

about the mean velocity v. Although large gradi-
ents in the temperature and velocity can distort the
Maxwellian distribution,9 we consider these distor-
tions to be negligible. The Doppler shifts are com-
bined with the Maxwellian distribution to give a
Gaussian fluorescence intensity profile 0

2 In 2 /
2 [ ( VO 

(DD(V) = , -/ exp-4 n 2v (6)
AV Tr AVDJ

%D(v) is generally referred to as the normalized
line-shape function and AVD is the FWHM (full width
at half maximum or Doppler half-width) given by

8kT n 2 1/2
AVD = V m2 (7)

where vo' is the line center or unshifted frequency, m
is the mass of the atom, k is Boltzmann's constant,
and T is the translational temperature. Because
hydrogen is the lightest atom, wide profiles are
encountered. Temperatures in the arcjet vary from
1000 to 5000 K, corresponding to half-widths (for
each component) of 0.35 to 0.77 cm-'. Neglecting
the fine structure at 4000 K leads to an inferred
temperature of 5500 K. This error increases at
lower temperatures.

The broadening of the Balmer a transition that is
due to other mechanisms is expected to be small in
comparison with Doppler broadening and has been
neglected. The most significant of these is Stark
broadening. The Stark-broadened half-width is a
monotonically increasing function of electron num-
ber density."1 Emission scans of the Balmer ,3 tran-
sition (n = 4 to n = 2 at 486 nm) were made with a
monochromator having entrance slits imaged onto
the centerline of the plume near the exit plane. A
FWHM of 0.38 A (1.6 cm-1 ) was measured, which is
approximately the spectral resolution of the mono-
chromator. This width can be used to determine an
upper limit of 2 x 1013 cm-3 for the electron number
density assuming a temperature of 5000 K (the exit
plane temperature at the plume's center).1 ' This
estimated upper limit is in agreement with a study of
a similar arcjet operating on simulated hydrazine.12
The Balmer a transition is much less affected by
Stark broadening. At this electron number density,

Table 1. Components of the Balmer a Transition and
Their Properties (Ref. 8)

Relative
Upperj Lowerj 8v (cm-') Transition Intensity

1/2 3/2 -0.144 3SI/2 - 2P3/2 0.05
3/2 3/2 -0.036 3D3/2 - 2P3/2 0.28
5/2 3/2 0.0 3D5/2 - 2P3/2 2.50
1/2 1/2 0.220 3S1/2 2P1/2 0.31

3P1/2 -2S1/2
3/2 1/2 0.328 3P3/2 - 2S 1/2 1.96

3D3/2 2P1/2
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the Balmer a transition is broadened with a Lorentz-
ian line shape having a FWHM of only 0.01 cm-'."

Resonance broadening occurs when atoms in the
upper or lower levels of the transition can undergo a
resonant exchange of energy with a perturbing species.
The broadening is Lorentzian in shape with a half-
width proportional to the number density of the
perturbing species and the oscillator strength of the
resonant transition.' 3 In the arcjet plume, the most
populated species with a resonant energy level is
ground-state atomic hydrogen. To get an estimate
of resonance broadening, an estimate of the ground-
state H-atom density is needed. For this purpose,
we assume that the density, p, of the flow can be
estimated from a quasi-one-dimensional conservation
of mass. The mean mass-flow rate is given by

mh = pvA, (8)

where A is the nozzle exit area and v is velocity. If a
velocity of 5 x 103 m/s and a dissociation fraction of
30% are used, the H-atom number density is 1022
m-3 . If interactions between both the upper and
lower levels of the Balmer a transition are considered,
the Lorentzian resonance-broadened half-width is
0.005 cm-'. Within the framework of the above
assumptions, this gives an estimate that is negligible
compared with Doppler broadening. Nonresonant
pressure broadening is also considered negligible
because of the low pressures and high temperatures
in the arcjet plume.

Lifetime broadening arises as a result of the depopu-
lation of both levels of the transition by radiative
decay.'0 This broadening leads to a Lorentzian line
shape. The half-width, which is calculated from the
sum of all downward Einstein spontaneous emission
coefficients from both the upper and the lower states
involved in the transition, is given by

I Ura1 1-1
AVL = Jz Auj + Alj) (9)

For the Balmer a transition this summation yields a
linewidth of 0.003 cm-. 6

Transit-time broadening occurs when high mean or
thermal velocities are present in a small fluorescence
probe volume. The short interaction time between
the atoms and the laser acts to decrease the lifetime of
the fluorescence state. A characteristic time is deter-
mined from the ratio of a characteristic length to the
velocity. The characteristic length for this experi-
ment is the laser beam waist of 0.1 mm. The peak
velocity is 14 km/s. This gives a characteristic time
of 7 x 10-9 s, which acts as a limiting lifetime. This
would add 0.005 cm-' to the linewidth. Hence this
mechanism can also be neglected.

At high power levels, the laser can significantly
perturb the populations of the atomic states and
thereby distort the absorption line-shape function.
This effect is known as saturation broadening or
power broadening. The induced absorption reduces
the number of atoms in the lower (n = 2) state while

increasing the number of atoms in the upper state
(n = 3). If the number of atoms involved in this
process is small compared with the total number of
atoms in these states, the fluorescence signal is linear
with the laser intensity and the line shape is indepen-
dent of the laser intensity. When the laser intensity
becomes large, the populations of the two states
change significantly. This change is limited to a
condition known as saturation, where the maximum
ratio of populations of the two states is equal to the
ratio of the degeneracies. As saturation is ap-
proached, the fluorescence signal becomes a nonlin-
ear function of the laser intensity, causing the exci-
tation line-shape profile to become broader. To
determine precisely the line centers and line shapes,
saturation has been quantified and avoided.

Other artifacts of the experiment can act to distort
the shape of the measured excitation spectrum. The
most significant of these are due to reductions of the
spatial and temporal resolutions. If the velocity at a
point changes in a time period shorter than the
measurement time (several minutes), the measured
profile will be a convolution of the varying Doppler
shift and the instantaneous line shape. Ripple in the
power supply that drives the arc discharge might lead
to a modulation of the arcjet velocity. Because the
temperatures obtained from vertical excitation (with
no mean velocity) are the same as those obtained from
axial excitation (with high mean velocity) it appears
that variations in velocity are not a problem. Poor
spatial resolution can lead to the examination of
atoms with a finite range of mean velocities. The
superposition of the differently shifted fluorescence
signals would give rise to an apparent increased
broadening. Good spatial resolution was main-
tained by keeping the diameter of the fluorescence
probe volume small so that the range of mean veloci-
ties was negligible and by ensuring that the collection
optics were well focused.

Experiment

The arcjet thruster used in this experiment is a
1-kW-class radiatively cooled thruster designed and
built at the National Aeronautics and Space Adminis-
tration Lewis Research Center. The tungsten nozzle,
as shown in Fig. 1, has a 0.635-mm diameter, a
0.25-mm-long constrictor, and a conical (200 half-
angle) diverging section with an area ratio of 225
(9.53-mm exit diameter). A more complete descrip-
tion of the arcjet is available elsewhere.'4 Operating
conditions for this experiment are 13 mg/s of H2
propellant with a maximum power dissipation of 1.48
kW (voltage and current levels of 139 V and 10.3 A,
respectively). The arejet is operated in a 0.56-m-
diameter cylindrical stainless-steel chamber 1.09 m
long. The 0.35-Torr background pressure is main-
tained by two 1250-CFM blowers evacuating through
15-cm pipe.

A schematic of the experimental setup is shown in
Fig. 3. The fluorescence excitation laser is a cw ring
dye laser (Spectra Physics Model 380) pumped by a
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Fig. 3. Experin

6-W argon-ion laser and operating on DCM dye.
The laser produces several hundred milliwatts of
power at 15,233 cm-' (656 nm) with a nominal
bandwidth of 10 MHz. Because this bandwidth is
significantly less than the half-width of the measured
fluorescence excitation spectrum of the Balmer at
transition, the shapes of the recorded line accurately
depict the broadening mechanisms. Part of the beam
is passed through a 2-GHz Fabry-Perot interferom-
eter to monitor mode structure and ensure single-
mode operation. Another portion of the beam is
directed into a wavemeter (Burleigh WA-10) that uses
a Michelson interferometer to measure laser fre-
quency to within 0.01 cm-'. A third beam splitter
directs the laser to a photodiode detector that moni-
tors laser power.

A beam splitter divides the laser into two beams of
approximately equal intensity. One beam is for axial
excitation and the other is for radial excitation. The
beams are expanded and then focused through win-
dows to a waist of 0.1 mm in the arcjet plume. The
radial excitation beam is passed vertically through
the plume. The axial beam is passed through a
window in the end of the tank, and the thruster
nozzle is used as a beam dump. The fluorescence
signal is collected on a horizontal axis normal to both
excitation beams. It is collected through an 83-mm-
diameter window with a lens operating at f/5.7 (76
mm diameter, 280 mm focal length) and imaged onto
a R928 photomultiplier tube (PMT) with a magnifica-
tion of 2.7. A notch filter with a nominal 10 A (23
cm-') bandwidth is placed directly in front of the
PMT to filter extraneous light. A 0.4-mm aperture
is mounted directly in front of the filter at the focal
plane of the imaging lens to act as a field stop and
determine the measurement location in the plume as
well as the axial and vertical spatial resolution.
Phase-sensitive detection is used to discriminate the
fluorescence signal from the intrinsic plasma emis-
sion, which is 30 to 500 times greater. The lock-in

PMT

Filter &
Aperture

; < E~~~~~~~olection

Arcjet

iental setup.

amplifier (SRS SR530) is synchronized to a mechani-
cal chopper at 3 kHz. The output from the lock-in is
collected and stored in a laboratory computer along
with the output from the wavemeter and laser power
detector.

At each spatial point investigated, the laser is
automatically scanned in frequency by varying the
voltage on a (piezo-controlled) 75-GHz intracavity
6talon. Radial and axial excitation are obtained on
separate scans by blocking one of the beams. The
laser is able to scan over a range of up to 2 cm-'.
This is enough to capture most of the fluorescence
excitation line. Typical scan times are a few min-
utes.

Both the arcjet and a stationary hydrogen dis-
charge were used as a stationary (unshifted) reference.
In the former case, it is assumed that the flow is
axisymmetric, which implies that the radial velocity
is zero at the centerline. The symmetry of both the
axial and radial velocity profiles confirms this assump-
tion. The wavemeter provides enough accuracy and
repeatability to forego simultaneous reference scans.
The stationary discharge was produced in a low-
pressure hydrogen cell mounted in a microwave
cavity, which acted as a source of slow (essentially
stationary) H atoms.

The velocity and temperature are determined by a
least-squares fit to the line-shape model with the
Levenberg-Marquardt method.' 5 The model con-
sists of five components with specified relative inten-
sities and separations. Doppler broadening is the
only broadening mechanism considered. There are
three parameters that are used to fit the data to the
model. These are the Gaussian half-width, the line
shift, and the integrated intensity. The tempera-
ture is determined from the Gaussian half-width.
The velocity is determined from the shift of the
fluorescence excitation profile relative to that of the
reference spectrum. The integrated intensity was
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necessary to fit the other parameters but can also be
used to determine relative excited H atom densities.

Results and Discussion

The effect of saturation was evaluated by comparing
LIF line profiles for a range of laser-power levels.
For the 0.1-mm laser spot size, the fluorescence was
found to be linear below 60 mW. Thus all data were
taken with laser powers well below this level.

Two typical fluorescence excitation scans are shown
in Fig. 4. The scan on the left is taken from the
plume centerline 0.4 mm from the exit plane with
axial excitation where the measured temperature is
4500 K. The scan on the right is from the colder,
600 K stationary reference discharge. At tempera-
tures below approximately 1000 K, the Balmer a line
shape begins to look more like a doublet. This is due
to the fine structure discussed in the Experiment
section. The solid curves in Fig. 4 correspond to the
model's fit to the data. The fluorescence intensity is
the ratio of the output signal from the lock-in ampli-
fier to the signal from the photodiode that monitors
laser power. Accounting for laser power in this way
preserves the line shape because the fluorescence is
linear and not saturated. The power varies by up to
10% as the laser scans in frequency. Both profiles
were normalized by their areas to facilitate compari-
sons of the line shapes between the hot and cold
gases. These profiles consist of 70 to 200 data points
each, with the data taken at 1-s intervals. Profiles
from regions further from the centerline require
longer scan times because of decreased signal-to-
noise ratios.

2.0

1.5

1.0

0.5

0

Two laser probe beams are focused to the same
small volume on the plume centerline 0.4 mm from
the exit plane. The two beams have respective propa-
gation vectors aligned along the radial and axial
directions of the arcjet plume. Data were taken as
the arcjet was positioned at a variety of vertical
locations. Figure 5 shows the radial profile of the
axial velocity. The profile is highly peaked at 14
km/s with a fairly linear gradient away from the
peak. Note that the profile is shifted approximately
0.7 mm from the indicated centerline (0 mm radial
location). This is most likely due to the difficulty in
establishing the plume centerline, rather than devia-
tion of the arcjet plume from axisymmetric flow.
In establishing the plume centerline the axial laser
beam is aligned by centering it on the cathode tip,
which is more than 13 mm beyond the exit plane.
If the arcjet nozzle is not coaxial with the laser, the
laser will pass through the exit plane at an off-center
location. A 0.7-mm deviation at the exit plane corre-
sponds to a 30 misalignment of the laser and arcjet.

The radial profile of the radial velocity component
is shown in Fig. 6. The profile has a fairly linear
shape and, like the axial velocity, is symmetric about
the centerline. This validation of our symmetry
assumption means that radial excitation at the center-
line provides a reliable unshifted reference fluores-
cence profile. The magnitude of the radial velocity
reaches a maximum of 4 km/s. This occurs near the
edge of the nozzle, where the axial velocity is approxi-
mately the same magnitude, giving a velocity direc-
tion of 450 (from the arcjet axis). The flow direction
is more clearly represented in Fig. 7, where the radial
and axial velocities have been combined in a velocity
vector format. Note that the axial velocity data from
Fig. 5 were shifted to correct for the arcjet axis
alignment problems. Figure 7 best shows the small
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Fig. 4. Sample data taken near the centerline 0.4 mm from the
exit plane with the fluorescence excitation spectrum from axial
excitation and from the (unshifted) reference cell. The 0.63 cm-'
shift corresponds to a 12.4 km/s velocity. Both profiles are
normalized by their areas after subtraction of the baseline.
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Fig. 5. Radial profile of axial velocity 0.4 mm from the exit
plane. The exit plane radius is 4.8 mm.

6122 APPLIED OPTICS / Vol. 32, No. 30 / 20 October 1993

u,

.

Cc
U)
C.)
C

a)

a)
0
U_

'I ' II I I I ' ' ' '1 I ' '
Ooo
0 

0 s

- So 0
- go~~

0o 
- o~~~~
- So~~~~
- To~~~~~
- go~~~~~

- To~~~
- o~~~~~~
- o~~~~~~~
- o~~~~~~~~
- so -~~~0
- o~~~~~~~~

- so~~~~~~~~~
- o o~~~~~~~~
- -~~~~~~~~~~



12.5

E

>0a)

10.0

7.5

5.0

2.5

0
-4 -2 0 2 4

Radial Position (mm)

Fig. 6. Radial profile of the velocity in the vertical direction along
a vertical line through the arcjet center, 0.4 mm from the exit
plane.

asymmetry near the edges of the plume. This is
most likely due to tank effects. The tank pump port
is only 375 mm downstream from the arcjet exit plane
and off to the side (280 mm from the centerline),
allowing a nonaxisymmetric pressure field to develop.

Measurements were made of the velocity compo-
nent in the angular direction about the axis (circum-
ferential or swirl velocity). The swirl velocity is
normal to both the radial and axial directions. To
perform these measurements, the vertical probe beam
was translating away from the plume centerline such
that it remained normal to the radial velocity compo-
nent. Velocities up to 1 km/s were measured near
the edge of the plume. However, this is inconclusive
because a minor misalignment of the arcjet with the

12.5

10.0

8

7.5

5.0

2.5

0

-4 -2 0 2 4

Radial Location (mm)

Fig. 7. Radial and axial velocities, combined to form a radial
profile of the velocity vectors 0.4 mm from the exit plane.

laser axis can account for this result. If the laser is
not completely normal to the radial axis, there will be
a nonzero component of the radial velocity in the
direction of laser propagation. This problem can be
overcome by taking velocity measurements through-
out the flowfield along a two-dimensional grid. The
radial and swirl components can then be separated.
The significance of the current results is that the
swirl velocity components are apparently small com-
pared with the radial or axial velocity components.

The temperature is determined by fitting the data
to the model as discussed above. In applying the
fitting procedure, it was necessary to account for a
positive baseline, which was caused by the scattering
of laser light from surfaces. The temperature ob-
tained from the model is sensitive to small changes in
this baseline. The precision in determining the base-
line can therefore limit the uncertainty of the tempera-
ture measurement. The large linewidths at the
higher temperatures and limited scanning range of
the laser prevent a complete scan of the entire
fluorescence profile. Therefore, to establish the base-
line on one side of the profile, a portion of the profile
on the other side is truncated. This forces a compro-
mise in the ability to establish the baseline and the
ability to capture the width of the profile. At lower
temperatures (where the densities are also lower)
uncertainties are increased by noise in the baseline
combined with high baseline-to-peak fluorescence
ratios. At the radial edges of the plume, this ratio is
as high as 70%, whereas at the centerline it is as low
as 1%.

This sensitivity to the baseline is illustrated in Fig.
8, which shows fluorescence data along with three
profiles obtained by fits to the model for different
baseline values. The program that fits the data to
the model can fit to a specified baseline, or it can
determine a baseline by a least-squares fit. When
the program determines the baseline by a fit, it
overpredicts the baseline to compensate for an under-
prediction of the wings. That is, the program deter-
mines a baseline that is clearly higher than the actual
baseline. This produces a temperature on the low
side. When the baseline is forced to zero, the fitting
procedure produces a temperature that is signifi-
cantly higher. The most appropriate baseline is
somewhere between these limits. For the results
presented here, the baselines were all determined
manually using interactive graphics software. For
the fluorescence profile in Fig. 8, the two extreme
baselines produce temperatures that differ by 900 K,
or 20% of the determined temperature. If any signifi-
cant portion of the left-hand side of this profile were
omitted, a baseline could not be established. Alterna-
tively, if the laser were tuned to begin scanning at a
lower frequency, it could not scan enough of the
profile to establish the width. All three of the fitted
profiles underpredict the fluorescence in the wings.
This error could be caused by Lorentzian broadening
mechanisms, which are not included in the model.
Lorentzian line shapes decay much more slowly in the
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Fig. 8. Sample of raw data showing fits produced by the model.
The three lines were fixed to different baselines and correspond to
determined temperatures of 3880, 4306, and 4775 K. This figure
illustrates the sensitivity of temperature determination to correct
baseline establishment.

wings compared with Gaussian line shapes. There-
fore, a small Lorentzian component to the broadening
would first affect the wings. Because the effect is
seen only in the wings, the overall error in the
inferred temperature is small. To estimate the maxi-
mum error this might cause, a profile was generated
by convolving a Lorentzian profile with a half-width
of 0.01 cm-' corresponding to an electron density of
1013 cm-' and a Gaussian profile with a 0.70 cm-'
half-width corresponding to a temperature of 4200 K.
This profile (which included the effects of the fine
structure) was then fitted to the model used for data
reduction. The Lorentzian component led to an
overprediction of the temperature by 300 K, which is
less than the uncertainty that was due to baseline
establishment. The misfit in the wings is only pre-
sent near the plume centerline, where the electron
number density is likely to be the highest. Toward
the plume edges, the fluorescence signal is weaker
and the baseline is noisier, making the baseline
equally difficult to locate. Examples of both of these
phenomena can be seen in Fig. 8.

A radial profile of the temperature is shown in Fig.
9. The temperature peaks between 4000 and 5000 K
at the centerline and falls to 1000 K at the edges of
the plume. The shape is similar to the radial profile
of the axial velocity with the same shift in the
centerline. The scatter is relatively high because of
the large uncertainties. The data presented were
obtained from a mix of radial and axial laser excitation.

4000

3000 1

2000

1000

-4 -2 0 2 4

Vertical Position (mm)

Fig. 9. Radial profile of translational temperature.

The overlap in the data indicates that there are no
anisotropies or fluctuations in velocity.5 Note that
fluctuations of temperature give rise to the measure-
ment of an average temperature. Fluctuations of
velocity give rise to the measurement of the convolu-
tion of bulk velocity shifts and the instantaneous line
shapes, leading to an erroneously high temperature.
Because there is no radial velocity at the centerline, it
is unlikely that there are any significant velocity
fluctuations. Because the temperatures measured
from radial and axial excitation are the same it
follows that there are no significant fluctuations in
the axial velocity.

The integrated intensity of the fluorescence excita-
tion spectrum is a function of the number density of
hydrogen in the absorbing state (n = 2). The radial
profile of the integrated signal from data near the exit
plane is shown in Fig. 10. The data are plotted on a
log scale to show that the fluorescence signal drops by
2.5 orders of magnitude from the plume center to the
edges. This is most likely due to decreases in both
the Boltzmann fraction of the excited state as well as
the dissociation fraction. This follows from the 3000
K decrease in temperature. If the quenching rate is
small compared with radiative relaxation, the inte-
grated fluorescence signal is directly proportional to
the number density of H in the absorbing state. The
large differences in energy between the upper fluores-
cence state and the adjacent states lead to small
quenching cross sections, the low densities further
decrease quenching rates, and the radiative lifetime
of the fluorescence is short. However, without fur-
ther knowledge of the collisional rates, we cannot
make any quantitative conclusions about number
densities.

Measurements were taken 0.4 mm from the exit
plane at the centerline for a variety of arcjet power
levels and a mass flow rate of 13 mg/s. The axial
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I I I lo [ z 1 t ,, X | i | § | ^ | ffi | | z When the arejet is operating with argon propellant,

00000 a shock structure that is due to the mismatch be-
0 0- tween exit and background pressure is clearly visible

0 0 in the varying emission intensity. However, when
0 8 the arcjet is operating on hydrogen propellant, no

0 00 such structure is visible. There could be several
0 o reasons for this, including a higher mean free path- leading to relatively thick or diffuse shock waves; a

9 00 o more closely matched pressure at the exit plane; or
more oblique shock angles, making radial viewing of

0 the change in emission (because of the temperature
0 jump) difficult. Measurements of the axial velocity

0 0 and temperature were taken at a variety of locations
. along the centerline. Fig. 12 shows these results

8 0 along with the Mach number as determined from the
0 data (assuming single-component flow, see conclu-

00 sions). The Mach number rises steadily from 1.4 at
the exit plane to 3.0 at approximately 18 mm (2 exit

-4 -2 0 2 4 diameters) downstream. After going through the
shock, the Mach number drops. Note that the flow

Vertical Position (mm) does not appear to be accelerating in the expansion
Integrated fluorescence signal intensity profile, 0.4 mm region of the first 18 mm. The velocity is slowly
exit plane. decreasing until the Mach number peaks where the

velocity begins to decrease more rapidly. The de-
creasing velocity in the expansion section is in part

es and temperatures are shown in Fig. 11. due to an off-axis probe volume. The measurements
at when the input power is more than doubled, were made along the indicated 0-mm radial position.

terline axial velocity increases by less than As shown in Fig. 5, this is not the true location of the
[his is consistent with the variation of thrust plume centerline. This deviation from the true cen-
put power.16 However, for the same change terline position is likely to increase further from the
r, the kinetic temperature increases approxi- exit plane. Thus the velocity shown in Fig. 12 might
3 times. This indicates an increased level of be a component of and not the full centerline velocity.
y that is convected out of the nozzle. This This could be corrected by taking data at various
its lost energy that is not converted to kinetic radial positions for each axial location. Although

energy or thrust. This is consistent with a drop in
the efficiency as calculated from thrust measure-
ments.' 6 The efficiency is defined as the ratio of Isp
to the sum of the specific power and Isp that is
produced with the arc off.
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these gasdynamic property variations are more a
function of the background pressure than the plasma
dynamics in the nozzle, they do suggest that the flow
is underexpanded. Under these circumstances, the
exit pressure must be higher than the 0.35-Torr
chamber pressure.

A few simple experiments were conducted to deter-
mine the presence of polarization of the fluorescence.
The fluorescence process is an induced electric dipole
phenomenon.' 0 Unless there are a significant num-
ber of collisions to randomize the orientation of the
fluorescing atoms, the fluorescence will be emitted in
directions and with polarization reflecting the polar-
ization and orientation of the excitation laser. The
laser polarization was rotated while monitoring the
variation in fluorescence intensity and line shape.
In addition, a polarizing filter was placed in front of
the PMT to analyze the fluorescence for preferred
polarization. No polarization effects were detected.
This indicates that the time between collisions involv-
ing excited H atoms is small compared with the
lifetime of the transition.

Conclusions

The mean mass exit velocity of the hydrogen arcjet as
determined from previous thrust measurements (at
the 1.48-kW power level) is 8.3 km/s.' 6 This appears
consistent with the measured axial atomic velocities.
Note that although the 14 km/s peak velocity is
significantly higher than the mean mass velocity, the
axial velocity drops to 4 km/s at the plume edges.
It is likely that the density is not the highest at the
centerline, where the temperature and dissociation
fractions are high. This interpretation is supported
by mass flux profiles determined by sampling probes
in similar devices.'7 To fully correlate thrust mea-
surements to velocity data, a measurement of the
total density is required as well as a measurement of
the (possibly different) velocity distribution of molecu-
lar hydrogen. The high radial velocities at the plume
edge may represent a significant thrust loss. This
effect also would be better quantified by density
measurements.

Velocity measurements far from the exit plane (120
mm) have been made with molecular beam sampling
mass spectrometry.'8 These measurements suggest
the presence of high diffusion velocities for atomic
hydrogen. It would be valuable to measure directly
the velocity of molecular hydrogen to determine if
this diffusion is significant at the exit plane where the
pressure (> 0.35 Torr) is several orders of magnitude
higher than the 5 x 10-4 Torr near the molecular
beam sampling skimmer. There are a multitude of
transitions between the excited states of molecular
hydrogen that are accessible by cw dye lasers.
Future work will include a feasibility study of these
transitions for velocity measurements.

At the high peak temperatures measured, the
central portion of the plume should consist predomi-
nantly of atomic hydrogen. Because the flow chemis-

try may be partially frozen, equilibrium calculations
will give lower bound values of the dissociation
fraction. For hydrogen at 8 Torr, the equilibrium
composition will vary from one-fourth atomic hydro-
gen to one-fourth molecular hydrogen over the range
2500 to 3000 K. (Although the exit plane pressure is
unknown, an order-of-magnitude change in pressure
shifts this dissociation transition range by approxi-
mately 300 K.) We conclude that the central area of
the plume consists predominantly of atomic hydrogen.
The dissociation fraction outside this core is more
dependent on the extent to which the flow is frozen.
Because the gas at the centerline consists predomi-
nantly of atomic hydrogen, the peak atomic hydrogen
velocities measured are the same as the peak mean
mass velocity.

This paper has demonstrated the utility of spec-
trally resolved LIF to measure velocity and transla-
tional temperature in an arcjet plume. The measure-
ments have provided a variety of information on the
nature of the arcjet plume. In summary, we find
high peak temperatures, indicating a high dissocia-
tion fraction, low swirl velocities, and the presence of
diffuse shock structure within 2 nozzle diameters
from the exit plane. Even though the arcjet is
axisymmetric it would be desirable to make measure-
ments of the complete flow field. If measurements
are taken throughout a plane at each axial location,
problems that are due to laser-arcjet alignment are
eliminated. This would be important for a more
rigorous characterization of the arcjet plume.

This research was supported by a grant from the
National Aeronautics and Space Administration Lewis
Research Center, and Frank Curran was the grant
monitor.
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